In this letter, we explore the potential benefits and limitations of using transmitter lenses in an orbital-angularmomentum (OAM)-multiplexed free-space optical (FSO) communication link. Both simulation and experimental results indicate that within certain transmission distances, using lenses at the transmitter to focus OAM beams could reduce power loss in OAM-based FSO links, and that this improvement might be more significant for higherorder OAM beams. Moreover, the use of transmitter lenses could enhance system tolerance to angular error between transmitter and receiver, but might degrade tolerance to lateral displacement.
INTRODUCTION
Free-space optical (FSO) communication links can potentially benefit from the simultaneous transmission of multiple, spatially orthogonal beams through a single transmitter-receiver aperture pair [1] [2] . In general, when transmitting multiple orthogonal beams-each carrying an independent data stream-through the same medium, the total capacity could be multiplied by the number of beams [3] [4] [5] . The use of orbital-angular-momentum (OAM) beams as an orthogonal modal basis set in FSO communication links has received some attention in the literature [6] [7] . A beam carrying OAM presents a helical "twisting" phase-front as it propagates, described by exp(iℓφ), where ℓ represents the OAM order and φ is the azimuthal angle. OAM beams with distinct ℓ are orthogonal to one another [8] [9] . Orthogonality among these beams enables efficient multiplexing at the transmitter and demultiplexing at the receiver [10] .
However, due to the beams' phase and amplitude structure, OAM multiplexed FSO communication links present unique challenges. An OAM beam has two important characteristics: (1) It has a "doughnutshape" intensity profile, with little power at the center but more power at the annulus; ( 2) It has a rich phase-change at the center but less around the annulus [11] [12] [13] . To correctly recover an OAM beam, the rapid phase change that occurs in the center needs to be collected in order to ensure orthogonality among the OAM beams, while on the other hand, sufficient optical power should also be received to satisfy the system requirement for optical signal-to-noise-ratio (OSNR) [14] [15] . Therefore, sufficient capture of an OAM beam is critical for an operational communication system and will thus limit the transmission distance and the number of modes that can be supported [16] . One approach to achieve sufficient capture is to increase the transmitter and/or receiver aperture sizes, although this might increase total cost and the weight of the FSO link, and degrade system flexibility. Another approach is to use lenses at the transmitter to focus OAM beams, thus achieving smaller beam sizes at the receiver [17] . For an OAM-multiplexed FSO link, it would be worth investigating the effect of using transmitter lenses, on both the performance and robustness of the system.
In this letter, we show the performance effects of using transmitter lenses in an OAM-multiplexed FSO communication link, through both simulation and experiment, exploring its potential benefits and limitations for system performance and robustness. Simulation results indicate that in 1 km and 10 km OAM-based FSO links, using transmitter lenses to focus OAM beams could reduce power loss; and that the use of transmitter lenses may reduce the power loss for higher-order OAM beams by more than 15 dB in both links. For system robustness, we investigate the effect of using transmitter lenses under 
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Limited size ncated pattern ~1 m using that without s show similar is transmitted nses (Fig. 6(c This may result in unique effects on OAM multiplexing in a lens system as well as different power loss and channel crosstalk compared with CW beams, which needs to be further studied [19] [20] . Additionally, atmospheric turbulence might also result in distortion in OAM-based FSO links, the effects of which could be considered as angular error and displacement discussed above. However, severe signal fading might occur due to the intensity and phase fluctuation of the OAM beams. Such effects are not considered in this work and need further exploration.
